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A balance between pro-and anti-inflammatory mechanisms at mucosal interfaces, which are sites of constitutive exposure to microbes and non-microbial foreign substances, allows for efficient protection against pathogens yet prevents adverse inflammatory responses associated with allergy, asthma and intestinal inflammation 1 . Regulatory T (T reg ) cells prevent systemic and tissuespecific autoimmunity and inflammatory lesions at mucosal interfaces. These cells are generated in the thymus (tT reg cells) and in the periphery (induced (i)T reg cells), and their dual origin implies a division of labour between tT reg and iT reg cells in immune homeostasis. Here we show that a highly selective blockage in differentiation of iT reg cells in mice did not lead to unprovoked multiorgan autoimmunity, exacerbation of induced tissue-specific autoimmune pathology, or increased pro-inflammatory responses of T helper 1 (T H 1) and T H 17 cells. However, mice deficient in iT reg cells spontaneously developed pronounced T H 2-type pathologies at mucosal sites-in the gastrointestinal tract and lungs-with hallmarks of allergic inflammation and asthma. Furthermore, iT reg -cell deficiency altered gut microbial communities. These results suggest that whereas T reg cells generated in the thymus appear sufficient for control of systemic and tissue-specific autoimmunity, extrathymic differentiation of T reg cells affects commensal microbiota composition and serves a distinct, essential function in restraint of allergic-type inflammation at mucosal interfaces.
Exquisitely balanced control mechanisms operating at mucosal sites are able to accommodate potent immune defences and the need to prevent tissue damage resulting from inflammatory responses caused by commensal microorganisms, food and environmental antigens, allergens, and noxious substances 1 . Prominent among multiple regulatory lymphoid and myeloid cell subsets operating at environmental interfaces are Foxp3 1 T reg cells. Genetic deficiency in Foxp3 (forkhead box P3, a key transcription factor specifying T reg cell differentiation) leads to paucity of Foxp3 1 T reg cells and consequent generalized lympho-and myelo-proliferative syndrome, featuring sharply augmented serum IgE levels, production of T H 1, T H 2 and T H 17 cytokines, and widespread tissue inflammation 2 . Foxp3 can be induced in thymocytes in response to T-cell receptor (TCR) and CD28 stimulation, and IL-2. In addition, Foxp3 can be upregulated upon TCR stimulation of mature peripheral CD4 1 T cells in the presence of tumour growth factor b (TGFb) in a manner dependent on an intronic Foxp3 enhancer CNS1 (refs 3-5). Inflammatory cytokines and potent co-stimulatory signals antagonize the peripheral induction of Foxp3, and retinoic acid augments Foxp3 induction through mitigating inflammatory cytokine production and through cell intrinsic mechanisms 1, [6] [7] [8] . Although differing in their sites of generation, tT reg and iT reg cells are comingled in the secondary lymphoid organs and non-lymphoid tissues once mature, and their relative contributions to the total population of T reg cells and their specific roles in control of various aspects of immune homeostasis and microbial colonization in normal animals has remained unexplored.
Our recent investigation 5 showed that CNS1, which contains binding sites for transcription factors (NFAT, Smad3 and RAR/RXR) downstream of three signalling pathways implicated in iT reg cell generation 4,8 (Supplementary Fig. 1 ), is critical for TGFb-dependent induction of Foxp3, but has no apparent role in tT reg differentiation or maintenance of Foxp3 expression. This observation suggested that CNS1 activity represents a dedicated genetic determinant for the differentiation of iT reg cells, and its deficiency in mice provides a unique means to evaluate the function of these cells in vivo. Our initial characterization of CNS1 2 mice and littermates maintained on a 129/B6 genetic background failed to reveal disease phenotypes. Because mixed genetic backgrounds frequently mask adverse phenotypes or make them highly variable, to understand iT reg function in vivo we backcrossed CNS1 mice onto the B6 background ( Supplementary Fig. 2) .
First, we sought to ascertain that on the B6 genetic background CNS1 is dispensable for tT reg cell generation but critical for generation of iT reg cells. Two recent studies established a role for TGFb signalling in tT reg cell differentiation in neonates 9, 10 . Thus, to exclude the possibility that CNS1 deficiency adversely affects generation of Foxp3 1 T cells in the neonatal thymus, we examined the Foxp3 1 T reg cell population in heterozygous female CNS1 WT/2 mice. As Foxp3 is encoded on the X chromosome and is subject to random X-chromosome inactivation, characterization of female CNS1
WT/2 mice allows for comparison of CNS1 2 and CNS1 WT T reg cells in a competitive environment. In neonatal female CNS1
WT/2 mice, CNS1 2 cells constituted, on average, one-half of the thymic Foxp3 1 cell population (Fig. 1a) . Additionally, neonatal CNS1 2 hemizygous and control males harboured comparable numbers of Foxp3 1 thymocytes (Supplementary Fig. 3 ). Therefore, tT reg differentiation is independent of CNS1. In contrast, CNS1 2 naive CD4 T cells showed severely impaired induction of Foxp3 in vitro (Fig. 1b) . Analyses of heterozygous female CNS1 WT/2 mice and transfer of CNS1 2 or CNS1 WT T reg cells into lymphopenic recipients demonstrated that the ability of T reg cells to accumulate and proliferate in various tissues was unperturbed in the absence of CNS1 ( Supplementary Fig. 4 ). Furthermore, CNS1 deficiency did not affect suppressor activity of tT reg cells (assessed using in vitro suppression assays and adoptive transfers of Foxp3-deficient effector T cells with predominantly tT reg -containing Foxp3 1 cells isolated from 4-week-old CNS1 2 and CNS1 WT mice into lymphopenic recipients ( Supplementary  Fig. 5) ). Likewise, CNS1 ablation did not negatively affect maintenance of Foxp3 expression and overall function of NFAT, TGFb and retinoic acid signalling pathways in these cells ( Supplementary Fig. 5 and data not shown). To assess how the deficiency in iT reg cell generation affects the size of the peripheral T reg cell compartment, we analysed T reg cell frequencies in various tissues throughout the lifespan of mice. CNS1 2 mice failed to exhibit a progressive age-dependent increase in Foxp3 cell frequencies observed in wild-type littermates ( Fig. 1c and Supplementary Fig. 6 ). By 6-8 months of age, CNS1 2 mice contained markedly fewer Foxp3 1 cells in comparison to control animals, with most prominent differences in mesenteric lymph nodes, Peyer's patches, and small and large intestine lamina propria, sites known to support iT reg cell generation 11 . This trend was not the result of expression of a Foxp3-GFP fusion protein in CNS1 2 mice, because agematched CNS1
WT Foxp3-GFP and littermate control CNS1 WT mice expressing unmodified Foxp3 protein exhibited similar age-dependent increases in T reg cell frequencies ( Supplementary Fig. 6 ).
To assess the extent of impairment of peripheral generation of T reg cells in vivo, we examined Foxp3 induction in antigen-specific naive T cells upon exposure to ingested 'non-self' antigen 12 . Ovalbumin (OVA)-specific OT-II 1 TCR-transgenic Foxp3 2 (GFP 2 ) T reg cells from CNS1 2 or Foxp3 GFP mice were transferred into CD45.1 1 lymphoreplete recipients followed by ad libitum administration of OVA in drinking water. We failed to detect Foxp3 induction in CNS1-deficient cells, whereas up to 20% of transferred OT-II T cells from control Foxp3 GFP mice induced Foxp3 upon exposure to cognate antigen in the intestinal tract ( Fig. 1d and Supplementary Fig. 7 ). These results were in agreement with a marked impairment in Foxp3 induction in polyclonal CNS1-deficient Foxp3 2 T cells in vitro, which was most severe at lower, more physiologically relevant concentrations of TGFb (Fig. 1b) . Together these data indicate that iT reg cells have a stringent requirement for CNS1 for their differentiation.
Recent studies showed a limited TCR-dependent clonal niche for tT reg cell differentiation and peripheral maintenance [13] [14] [15] . The sustained numerical impairment in the peripheral T reg cell populations in CNS1-deficient mice suggests that tT reg cells fail to fill the 'void' in the peripheral T reg cell pool, left by iT reg cell deficiency. This observation combined with largely non-overlapping TCR repertoires of tT reg and iT reg cells suggests that iT reg and tT reg cells occupy distinct 'niches' 16 . To test this notion we co-transferred CNS1 2 (tT reg cells) or CNS1
WT T reg cells (iT reg 1 tT reg ) from aged mice with CNS1-sufficient naive CD45.1 
CD4
1 T cells into lymphopenic recipients. We observed more efficient Foxp3 induction in CD45.1
1

CD4
1 T cells upon co-transfer with CNS1
2 T reg cells (tT reg cells), indicating that in lymphopenic recipients the de novo generation of iT reg cells is markedly more efficient in the absence of pre-existing iT reg cells ( Supplementary  Fig. 8 ). These data also imply the existence of a stable iT reg cell subset in normal mice. However, the dynamics and stability of Foxp3 expression has been a controversial issue, with a number of studies favouring unstable Foxp3 expression in iT reg cells [17] [18] [19] . Thus, we next employed genetic fate mapping using inducible Cre recombinase expressed in a T reg -specific manner (Foxp3
EGFP-CRE-ERT2
) and a Rosa26-YFP recombination reporter allele (R26Y) 20 to determine if iT reg cells generated in vivo are able to acquire stable Foxp3 expression and, thus, have the capacity to contribute to the stable T reg cell compartment. Fig. 1e and Supplementary Fig. 9 ). Together these data indicate that iT reg cells have a stringent requirement for CNS1 for their differentiation, accumulate throughout life, and occupy a sizable fraction of the stable peripheral T reg cell compartment. CNS1 2 mice on the B6 genetic background displayed neither earlynor late-onset systemic autoimmunity nor spontaneous widespread tissue lesions nor severe morbidity associated with systemic T reg cell deprivation (data not shown). However, it was possible that iT reg cell deficiency may exacerbate initial or late stages of provoked tissuespecific autoimmune pathology directed against a self-antigen. To address this question, we induced experimental autoimmune encephalomyelitis (EAE) in CNS1-deficient or littermate control mice through immunization with myelin oligodendrocyte glycoprotein (MOG) peptide. The onset, severity and remission of disease were indistinguishable, and no detectable differences were observed in T reg cell subsets in the brain in these two groups of mice ( Supplementary Fig. 10 ). Although it will be important to evaluate the role of iT reg cells in additional models of induced autoimmunity, these results indicate that tT reg cells are largely sufficient for control of tolerance to self-antigens and that the distinct functional role of iT reg cells might be to control inflammation at mucosal surfaces, which are sites of preponderant exposure to non-self substances. This notion is consistent with data indicating that tT reg cells arise from a subset of thymocytes, which exhibit TCR with an increased affinity for self-antigens yet insufficient for negative selection 10, 21 , whereas iT reg cells are efficiently generated GFP mice into TCRbd-deficient recipients. Mice received tamoxifen (TMX) at 1 (left) or 5 weeks (right) after transfer and stability of Foxp3 expression among YFPlabelled cells was assessed after 4 weeks. All data are representative of two or more independent experiments with n $ 3. Error bars, s.d.; *P , 0.05, **P , 0.01, ***P , 0.001, as calculated by Students' t-test.
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upon TCR engagement with a high affinity cognate ligand under subimmunogenic conditions 22, 23 . The absence of iT reg cell induction in response to oral antigen in CNS1 2 mice suggested that the immune balance in the gastrointestinal tract might be impaired owing to deficiency in gut antigen-specific iT reg cells. Indeed, while IL-17 and IFN-c production by CD4
1 T cells was unaffected by iT reg deficiency in CNS1 2 mice ( Supplementary  Fig. 11 ), we observed markedly augmented production of the T H 2 cytokines, IL-4, IL-5 and IL-13, by CD4
1 T cells, especially in the mesenteric lymph nodes, Peyer's patches and intestinal lamina propria ( Fig. 2a and Supplementary Fig. 12) . Furthermore, the vast majority of CD4 1 T cells in the lamina propria of CNS1 2 mice expressed high amounts of Gata3, a key T H 2 differentiation factor. Increases in Gata3
1
CD4
1 T cells were observed not only in gastrointestinal tract tissues in CNS1 2 mice but also in other lymphoid tissues, albeit to a lesser extent (Fig. 2b and Supplementary Fig. 12 ). Consistent with the sharply augmented T H 2 responses at mucosal sites, CNS1 2 mice exhibited increased frequencies of germinal centre B cells (Fas
) in the Peyer's patches, but not in the spleen or peripheral lymph nodes ( Supplementary Fig. 13 ), and spontaneous increases in serum levels of IgE and IgA, but not in other Ig isotypes (Fig. 2c , and data not shown).
The dysregulated T H 2 responses were associated with a decreased body weight ( Fig. 3a and Supplementary Fig. 2 ) and distinct highly penetrant pathology throughout the gastrointestinal tract ( Fig. 3b and Supplementary Fig. 14) : all CNS1 2 mice (12/12) and no CNS1
WT control littermates (0/6) were affected by gastritis and plasmacytic enteritis characterized by increased frequencies of plasma cells in the intestinal lamina propria and other associated lesions such as crypt abscesses. Accordingly, serum antibodies in CNS1 2 mice exhibited reactivity against antigens of the small and large intestine, pancreas and chow (Supplementary Fig. 13) . Notably, the pathology observed in the gastrointestinal tissue of CNS1 2 mice was markedly diminished upon B-cell depletion, but was not ameliorated by administration of IL-4 neutralizing antibody (Supplementary Fig. 15 ). The inflammatory features and lesions observed in CNS1 2 mice were consistent with allergic T H 2-type intestinal disease (Fig. 3) .
One possible explanation for the pronounced T H 2 responses and intestinal pathology associated with iT reg cell deficiency is simply a numerical decrease in T reg cells. However, we consider this possibility unlikely, because graded depletion of Foxp3 1 T reg cells in Foxp3 DTR mice upon administration of titrated amounts of diphtheria toxin resulting in T reg frequencies similar to those observed in CNS1 2 mice revealed augmented T H 1 and T H 17, but not T H 2, responses 24 . Alternatively, certain qualitative features of iT reg cells could allow them to efficiently limit T H 2 inflammation in the gut. Recent studies suggested that some of the transcriptional regulators involved in a particular type of effector T-cell response facilitate the ability of T reg cells to suppress those responses [25] [26] [27] . Thus, we explored the expression of T H 2-associated transcription factor Gata3 in T reg cells in CNS1 2 and CNS1 WT mice. In contrast to a sharp increase in Gata3 expression in effector T cells (Fig. 2b and Supplementary Fig. 12 ), we found its expression markedly diminished in T reg cells in CNS1 2 mice (Fig. 3c  and Supplementary Fig. 12) . Notably, ablation of a conditional Gata3 allele in T reg cells leads to T reg cell dysfunction 28, 29 and marked augmentation of T H 2 cytokine production by CD4
1 T cells (D. Rudra, R.E.N. and A.Y.R., manuscript in preparation). We hypothesized that increased Gata3 expression in iT reg cells reflects their activation state upon TCR ligation by high affinity ligands in the gut rather than an intrinsic feature of iT reg cells. In support of this idea, we found that both CNS1
2 and control T reg cells stimulated in vitro through the TCR and IL-2 receptor exhibited similarly robust Gata3 induction (Supplementary Fig. 12 ). Thus, we suggest that increased Gata3 expression in iT reg cells, a likely consequence of their generation in response to high affinity TCR ligands present in the gut, endows these cells with the capacity to efficiently control spontaneous mucosal T H 2 inflammation.
Certain commensal bacteria increase the frequencies of T reg cells in the gut and provide antigens recognized by a considerable proportion of iT reg TCR 1, 16 . In addition to TCR ligands the gut microbial community 
1 cells that were Gata3 1 in 3-month old mice (PP, Peyer's patches). c, Concentration of IgE and IgA in serum, determined by enzyme linked immunosorbent assay (ELISA) at 1, 3 and 10 months. All data are representative of three or more independent experiments with $3 mice per group. Error bars, s.d.; *P , 0.05, **P , 0.01, ***P , 0.001, as calculated by Students' t-test. LETTER RESEARCH also contributes to the local cytokine environment, which facilitates iT reg cell differentiation and maintenance in the gut 1 . These observations raise a question as to whether iT reg cells, in turn, influence composition of the commensal microbiota. To address this question, we sequenced 16S ribosomal RNA coding genes from bacterial contents of stool samples isolated from CNS1 2 and CNS1 WT littermates, which were housed individually for 5 weeks after weaning. Phylogenetic analysis revealed distinct gut microbial communities in CNS1 2 mice, with statistically significant enrichment of the candidate phylum TM7 and the genus Bacteroidetes Alistipes ( Supplementary  Fig. 16 ), and an overall decrease in the ratio of Firmicutes to Bacteroidetes (2.60 in wild-type and 1.51 in knockout) (Fig. 3d) . Interestingly, an opposite trend in the Firmicutes/Bacteroidetes ratio was correlated with obesity 30 , suggesting the possibility that alterations in energy harvest and metabolism (caused by inflammation or microbe-dependent effects on energy balance) could account for the decreased weight observed in iT reg cell deficient mice. Thus, iT reg cells help maintain a 'normal' microbial community in the gut, probably through exerting control over T H 2 mucosal inflammation.
These observations raised the question of whether the altered microbiota, rather than iT reg deficiency, was the direct cause of observed T H 2 inflammation. To equalize gut microbiota, CNS1
2 and littermate controls were treated with antibiotics (metronidazole and ciprofloxacin) for 4 weeks. Despite indistinguishable microbial communities, antibiotic treatment did not lead to a decrease in Gata3 expression or Th2 cytokine production by effector T cells in CNS1 2 mice, and characteristic histopathologic features were maintained (Supplementary Fig. 17) . Furthermore, iT reg cell sufficient germ-free mice colonized with CNS1 2 or control microbiota exhibited a similar spectrum of T H 1, T H 2 and T H 17 cytokine production and eventual normalization of microbiota ( Supplementary Fig. 18 and data not shown). These results suggest that iT reg deficiency results in immune dysregulation and T H 2 inflammation in the gut with subsequent perturbation of the microbial community.
According to the notion of specialized iT reg cell function in suppression of T H 2 responses at mucosal sites, one would expect to observe T H 2-type pathology in the lungs of CNS1 2 mice, despite an only modest ,20-25% decrease in numbers of T reg cells in this tissue compared to littermate controls (Fig. 1c) . Indeed, we discovered that CNS1 2 mice suffer from spontaneous T H 2-type airway inflammation (Fig. 4 and Supplementary Fig. 19 ). The lungs of CNS1 2 mice were characterized by increased infiltration by lymphocytes, plasma cells and macrophages, and by moderate neutrophil infiltration (Fig. 4) . The consistent features of the chronic inflammatory airway disease observed in CNS1 2 mice include lymphocytic infiltration, narrowed airway lumen (Fig. 4a) , increased goblet cells and mucus production ( Fig. 4a and b) , smooth muscle hyperplasia, and fibrosis (Fig. 4c) . Notably, 9/12 CNS1 2 and 0/6 CNS1 WT mice developed acidophilic macrophage pneumonia (AMP) with characteristic increases in acidophilic macrophages and both intracellular and extracellular chitinase 3-like 3 crystals (Chi3l3, formerly Ym1), analogous to Charcott-Lyden crystals found in asthmatic patients ( Fig. 4a and e) . In addition, the prominent presence of alternatively activated macrophages in the lungs of CNS1 2 mice was confirmed by morphology and expression of arginase 1 in addition to Chi3l3 (Fig. 4d and Supplementary Fig. 20) . Furthermore, both young (6-8 week old) and aged (20 week old) CNS1 2 mice exhibited airway hyper-responsiveness accompanied by AMP, perivascular, peribronchiolar and intramucosal inflammation, bronchial epithelial hyperplasia, and airway narrowing ( Fig. 4f and Supplementary Fig. 21 ). These spontaneous lesions are especially striking considering the T H 2-resistant, T H 1-prone C57BL/6 genetic background of CNS1 2 mice. The lung pathology in CNS1 2 mice reflects the hallmark features of chronic allergic inflammation and asthma. Our results demonstrate that T reg cells of thymic and extrathymic origin have distinct mechanistic requirements for differentiation and exert specialized functions in immune homeostasis. The restriction of lesions to mucosal tissues in iT reg deficient mice implies that under steady state conditions T reg cells generated in the thymus are largely sufficient for control of most immune responses to self-antigens. These findings suggest that in normal animals, T reg cells generated extrathymically in a CNS1-dependent manner play a non-redundant role in control of mucosal allergic Th2 inflammation and asthma.
METHODS SUMMARY
The generation of the following mouse strains has been previously described 5, 20 :
), Foxp3 GFP and Foxp3 eGFP-Cre-ERT2 R26Y. Rag1 2 mice were purchased from The Jackson Laboratory, and CD45.1 B6 and Tcrb/Tcrd 2 mice, along with above strains were maintained in the Sloan Kettering Institute Research Laboratories animal facility in accordance with institutional regulations. Tissues for histologic analysis were fixed in 10% phosphate-buffered formalin and processed routinely for staining. In vitro induction assays were performed with 5 3 10 4 Foxp3-GFP 2 CD4 1 T cells and 5 mg ml 21 of anti-CD3 and anti-CD28 antibody, 100 U ml 21 IL-2, in 96-well, flat-bottom plates. For in vitro and transfer experiments, CD4
1 T cells were pre-enriched using mouse CD4 Dynabeads (L3T4, Invitrogen) and FACS sorted on an LSR-II (BD Biosciences). Intracellular staining for IL-4 used Cytofix/Cytoperm (BD Biosciences), and staining for other cytokines, Foxp3 and Gata3, used the Foxp3 staining kit (eBiosciences). For measurement of AHR, mice were anaesthetized with pentobarbitol and AHR was assessed by invasive measurement of airway resistance using modified version of a described method (Buxco Electronics). 16S rRNA sequencing was performed on a 454 GS 2 and WT mice. A indicates airway; an acidophilic crystal is marked by the arrowhead. e, Chitinase 3-like 3 (Chi3l3) staining of lungs from CNS1 2 and WT mice at 103 magnification (top) and 603 magnification of lungs from CNS1 2 mice demonstrating robust Chi3l3 expression within acidophilic macrophages (bottom). f, Lung resistance (left) and compliance (right) of CNS1 2 and WT littermate control mice after exposure to methacholine. Data representative of two independent experiments with $4 mice per group. Error bars, s.d.; *P , 0.05, **P , 0.01, ***P , 0.001, as calculated by Students' t-test. Scale bars, 100 mm.
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